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Foxp3-expressing CD4+CD25+ regulatory T cells (Tregs) constitu-
tively and highly express the immune checkpoint receptor cytotoxic
T-lymphocyte-associated antigen-4 (CTLA-4), whose Treg-specific
deficiency causes severe systemic autoimmunity. As a key mecha-
nism of Treg-mediated suppression, Treg-expressed CTLA-4 down-
regulates the expression of CD80/CD86 costimulatory molecules on
antigen-presenting cells (APCs). Here, we show that Treg-expressed
CTLA-4 facilitated Treg-APC conjugation and immune synapse for-
mation. The immune synapses thus formed provided a stable plat-
form whereby Tregs were able to deplete CD80/CD86 molecules on
APCs by extracting them via CTLA-4–dependent trogocytosis. The
depletion occurred even with Tregs solely expressing a mutant CTLA-4
form lacking the cytoplasmic portion required for its endocytosis. The
CTLA-4–dependent trogocytosis of CD80/CD86 also accelerated in vitro
and in vivo passive transfer of other membrane proteins and lipid
molecules from APCs to Tregs without their significant reduction on
the APC surface. Furthermore, CD80 down-regulation or blockade by
Treg-expressed membrane CTLA-4 or soluble CTLA-4-immunoglobulin
(CTLA-4-Ig), respectively, disrupted cis-CD80/programmed death
ligand-1 (PD-L1) heterodimers and increased free PD-L1 on dendritic
cells (DCs), expanding a phenotypically distinct population of CD80lo

free PD-L1hi DCs. Thus, Tregs are able to inhibit the T cell stimulatory
activity of APCs by reducing their CD80/CD86 expression via CTLA-
4–dependent trogocytosis. This CD80/CD86 reduction on APCs is
able to exert dual suppressive effects on T cell immune responses by
limiting CD80/CD86 costimulation to naïve T cells and by increasing
free PD-L1 available for the inhibition of programmed death-1 (PD-1)–
expressing effector T cells. Blockade of CTLA-4 and PD-1/PD-L1 in
combination may therefore synergistically hinder Treg-mediated im-
mune suppression, thereby effectively enhancing immune responses,
including tumor immunity.
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Regulatory T cells (Tregs), which express Foxp3 as a lineage-
specific transcription factor, play a crucial role in the main-

tenance of immunological self-tolerance and homeostasis (1). Tregs
highly and constitutively express cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4) (2–4), which is essential for Treg-mediated
immunosuppressive function. In vivo blockade of CTLA-4 by spe-
cific antibodies elicited autoimmune diseases in mice similar to
those induced by Treg deficiency (4). Furthermore, Treg-specific
deletion of CTLA-4 in mice evoked systemic autoimmune/inflam-
matory disease (5). Treg-specific CTLA-4 deficiency or its blockade
also disrupted in vitro Treg-mediated suppression (4–6). In addi-
tion to these experimental findings, patients with CTLA-4 hap-
loinsufficiency developed systemic autoimmunity most likely due to
impaired Treg-suppressive function (7, 8). Mechanistically, Tregs
are able to down-regulate in vitro the expression of CD80/CD86 by
antigen-presenting cells (APCs) in a CTLA-4–dependent manner,
thereby hindering the activation of conventional T cells (Tconvs)
(5, 6, 9). This cell-extrinsic function of CTLA-4 has been suggested
to play a dominant role in preventing autoimmunity, since bone

marrow chimeric mice that harbored both CTLA-4–sufficient and
–deficient T cells remained healthy (10). These findings collectively
indicate a critical contribution of Treg-expressed CTLA-4 to Treg-
mediated suppression, yet the precise molecular mechanism of
CTLA-4–dependent Treg suppression remains obscure.
Approximately 90% of total-CTLA-4 has been estimated to

cycle between the cell surface and the intracellular compartment
via clathrin-mediated endocytosis regardless of CD80/CD86
binding (11). The YVKM motif in its cytoplasmic tail portion
interacts with the clathrin adaptor activating protein 2 (AP-2);
T cell activation phosphorylates the YVKM motif and inhibits its
binding to AP-2, leading to membrane retention of CTLA-4
(12–14). Given this active intracellular CTLA-4 cycling, former
studies (15, 16) demonstrated that once CTLA-4 binds to its li-
gands CD80/CD86, it mediates their direct endocytosis (trans-
endocytosis) via its tail portion, leading to down-regulation of
CD80/CD86 on APCs. On the other hand, it was previously
shown that constitutive and high expression of a tailless (TL)
CTLA-4, defective in endocytosis and signal transduction, was
able to confer Treg-like suppressive activity on Tconv cells (17).
Several studies have also shown that TL Tregs suppressed the
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proliferation of Tconvs as efficiently as wild-type (WT) Tregs
(18, 19), whereas others suggested that transgenic TL Tregs
displayed defective suppressive function (20). It thus needs to be
determined how CTLA-4 precisely mediates the cell-extrinsic
suppressive function of Tregs.
Accumulating evidence indicates that CD80 not only interacts,

in trans, with CD28 and CTLA-4 expressed on T cells but also, in
cis, with programmed death ligand-1 (PD-L1) protein expressed
by APCs (21, 22). These cis-CD80/PD-L1 heterodimers on APCs
limit the availability of free PD-L1, thereby interfering with the
transbinding between PD-L1 and its receptor PD-1 expressed on
T cells (23, 24). It can be asked then whether Treg-expressed
CTLA-4 is able to control the availability of PD-L1 through
modulating CD80 expression on APCs.
In this report, we have addressed the molecular mechanism of

CTLA-4–dependent Treg suppression and shown that Tregs
down-regulate CD80/CD86 expression on APCs via CTLA-
4–dependent trogocytosis. This CD80/CD86 down-regulation re-
sults in up-regulation of free PD-L1 expression on APCs. In
combination, these events enable Tregs to suppress not only naïve
Tconvs, but also activated PD-1–expressing effector Tconvs.

Results
Tregs Uptake CD80/CD86 and Accompanying Membrane Fragments of
APCs by CTLA-4–Dependent Trogocytosis. In order to determine the
role of the cytoplasmic tail portion of CTLA-4 in its cell-extrinsic
function, we used tailless (TL) CTLA-4 transgenic (TLC4Tg)
mice, whose T cells expressed a mutant CTLA-4 protein without
its cytoplasmic tail portion (17, 25). To obtain Tregs expressing
solely TL CTLA-4, TLC4Tg mice were backcrossed to BALB/c
CTLA-4 full knockout (KO) mice and made deficient in en-
dogenous CTLA-4 (17). For functional comparison with TL
Tregs, CTLA-4 KO and WT CTLA-4–expressing Tregs were
isolated from female CTLA-4flox/flox, Foxp3IRES-Cre heterozygous,
Rosa-RFP-reporter (CRF) mice on the BALB/c background,
which harbored both WT and KO Tregs without developing
spontaneous autoimmunity (5, 26). Using such Treg populations
purified as CD4+CD25+ T cells (>95% Foxp3+ by intracellular
Foxp3 staining), TL Tregs abundantly expressed both cell surface
and intracellular CTLA-4, whereas a majority of CTLA-4 was
localized intracellularly in WT Tregs (Fig. 1 A, Upper). Previous
studies showed that the tail portion of CTLA-4 was indispensable
for its intracellular trafficking and transendocytosis function
(12–15). To assess the endocytic function of TL CTLA-4, we first
labeled the cycling and noncycling CTLA-4 on Treg cell surface at
37 °C and then tagged the noncycling CTLA-4 by a secondary
antibody at 4 °C, which revealed single- and double-stained
CTLA-4 as cycling and noncycling CTLA-4, respectively (27)
(Fig. 1 A, Lower). This assay confirmed that the whole population
of TL CTLA-4 was retained on the cell membrane and lacked
cycling ability (single-stained CTLA-4/total-CTLA-4 = 0.2%), in
contrast to WT CTLA-4, most of which were detected as cycling
(single-stained CTLA-4/total-CTLA-4 = 86.3%).
For tracking the CD80/CD86 molecules expressed on the

dendritic cell (DC) surface following their interaction with Tregs,
we generated three types of gene-transduced murine DC lines:
JAWSII cells expressing CD80-GFP or CD86-GFP fusion pro-
tein or GFP alone (abbreviated as 80-JAWSII, 86-JAWSII, and
GFP-JAWSII cells, respectively). While GFP-JAWSII DCs expressed
a low quantity of endogenous CD80 and CD86, 80-JAWSII and
86-JAWSII DCs expressed much higher amounts of the respective
fusion proteins (Fig. 1B). By coculturing JAWSII DCs with ex vivo
purified Tregs in various combinations (Fig. 1C), we assessed the
uptake of CD80- or CD86-GFP fusion proteins, integrin CD11b,
and DiD dye-labeled membrane lipids from the DC surface by TL,
KO, or WT Tregs, which could be distinguished from JAWSII
DCs by cell size and by the expression of CD4 and CD25 (SI
Appendix, Fig. S1A). TL as well as WT Tregs acquired both CD80-

GFP and CD86-GFP, but not GFP alone, from respective DCs,
much more efficiently than KO Tregs (Fig. 1D). Similarly, TL and
WT Tregs acquired lipophilic DiD dye (Fig. 1E) and CD11b
protein (Fig. 1F) from 80- and 86-JAWSII DCs significantly more
than KO Tregs, suggesting passive capture of cell membrane
components in a CTLA-4–dependent fashion. These results indicate
that CTLA-4–dependent uptake of CD80/CD86 and concomitant
membrane fragments of DCs was mediated by trogocytosis, which is
defined as the intercellular transfer of cell membrane proteins and
concomitant lipid particles initiated by particular receptor–ligand
interactions between donor and recipient cells (28, 29).
While CTLA-4–driven trogocytosis of CD80/CD86 was more

prominent with Tregs cocultured with 80- or 86-JAWSII DCs,
TL Tregs were also able to gain DiD dye and CD11b from GFP-
JAWSII DCs when compared with KO Tregs (Fig. 1 E and F),
which could be attributed to the endogenous expression of low
amounts of CD80/CD86 by GFP-JAWSII cells (Fig. 1B). In ad-
dition, when a mixture of RFP-tagged KO Tregs and nontagged
WT Tregs prepared from CRF mice was cocultured with 80-
JAWSII DCs, WT Tregs captured much greater amounts of DC
membrane fragments (CD80-GFP, CD11b, and lipophilic dye)
compared with KO Tregs (SI Appendix, Fig. S1B), further sup-
porting the CTLA-4 dependency of the transfer. Time-course ki-
netics of trogocytosis also revealed that Tregs could uptake CD80-
GFP accompanied by passive CD11b transfer from the DC
membrane in a CTLA-driven fashion even after 1 h of coincu-
bation with 80-JAWSII DCs (SI Appendix, Fig. S1C). Moreover,
CTLA-4–dependent trogocytosis could still occur even in the ab-
sence of anti-CD3e polyclonal stimulation during the overnight
coculture, which suggested that allostimulation by JAWSII DCs
(derived from C57BL/6 mice) was sufficient for Tregs to perform
CTLA-4–mediated trogocytosis (SI Appendix, Fig. S1D).
In Treg coculture with B cells as another population of APCs,

it was difficult to distinguish between CD80/CD86 molecules
endogenously expressed by Tregs and those uptaken from acti-
vated B cells highly expressing CD80/CD86 (SI Appendix, Fig.
S2A). Nevertheless, Tregs showed uptake of other B cell surface
markers, such as CD45R, CD40, and class II MHC (MHC-II)
proteins (SI Appendix, Fig. S2B). TL Tregs were higher than WT
Tregs in the degree of this passive transfer and much higher than
KO Tregs. In addition, the higher the ratios of B cells to Tregs,
the higher was the quantity of the proteins captured by Tregs (SI
Appendix, Fig. S2 B, Lower). Similar to JAWSII DCs, with pri-
mary mouse bone marrow-derived dendritic cells (BMDCs) (SI
Appendix, Fig. S3 A and B) or splenic DCs (SI Appendix, Fig.
S3 C and D), we observed CTLA-4–driven passive uptake of
CD11b and CD11c molecules by cocultured WT and TL Tregs.
Taken together, Tregs are able to concomitantly acquire

CD80/CD86 and other membrane proteins and lipids from DCs
and B cells by CTLA-4–dependent trogocytosis, without a need
of direct internalization via endocytosis that requires the CTLA-
4 tail portion.

CTLA-4 Promotes Conjugate Formation between Tregs and APCs. To
determine then whether CTLA-4–dependent trogocytosis might
result from the stable conjugation between Tregs and APCs, we
examined the contribution of CTLA-4 to the formation of Treg-
DC conjugates, which could be defined as CD4+CD11b+ dou-
blets by flow cytometric analysis (Fig. 2A). TL Tregs formed sig-
nificantly more conjugates with 80- or 86-JAWSII DCs compared
to WT or KO Tregs. They also showed a smaller, but still signif-
icant increase in their attachment to GFP-JAWSII DCs compared
with KO Tregs (Fig. 2B), presumably due to the endogenous
CD80/CD86 expression by GFP-JAWSII cells (Fig. 1B). Fur-
thermore, WT Tregs generated higher percentages of conjugates
than KO Tregs, especially when they were cocultured with
80-JAWSII DCs (Fig. 2 A and B). Similarly, by coculturing Tregs
and lipopolysaccharide (LPS)-activated B cells, CD4+CD45R+
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Fig. 1. Uptake of CD80/CD86 proteins and accompanying DC membrane fragments by Tregs via CTLA-4–dependent trogocytosis. (A) Expression and cycling
patterns of Treg-expressed CTLA-4. (Upper) Live/Dead-dye−CD4+CD25+Foxp3+ cells were stained separately for surface and total-CTLA-4 at 4 °C. (Lower)
Single-stained Tregs solely with the primary antibody represent the cycling CTLA-4 at 37 °C while Tregs labeled with both primary and secondary antibodies at
4 °C display the noncycling surface CTLA-4. KO and WT Tregs were purified from the spleens and peripheral lymph nodes of the same female CTLA-4flox/flox,
Foxp3IRES-Cre heterozygous, and Rosa-RFP-Cre reporter mice while TL Tregs were simultaneously sorted from female TLC4Tg mice. The mice used were all on
the BALB/c background. Data are representative of two independent experiments. (B) GFP, CD80, and CD86 expression of GFP-, 80-, and 86-JAWSII DCs. A
total of 5 × 104 JAWSII DCs (on the C57BL/6 background) were stimulated in the presence of 0.1 μg/mL LPS at 37 °C for 20 h. Data are representative of four
independent experiments. (C) Experimental illustration for Treg-JAWSII DC coculture assays. GFP-, 80-, or 86-JAWSII DCs (3 × 104), labeled with lipophilic DiD
dye, were incubated at a 1:2 ratio with purified KO, WT, or TL Tregs in the presence of anti-CD3e (0.5 μg/mL), IL-2 (100 IU), GM-CSF (5 ng/mL), and LPS (0.1 μg/
mL) at 37 °C for 20 h. Cocultured Tregs were pregated on single Live/Dead-dye−CD4+CD25+ cells. Transfer of proteins and lipids by Tregs from DCs was based
on Treg expression of GFP, DiD dye, and CD11b. (D) Uptake of CD80- or CD86-GFP fusion protein by Tregs (n = 8). (E) Uptake of lipophilic DiD dye by Tregs
from labeled JAWSII DCs (n = 4). Fluorescence minus one (FMO) staining control displays WT Tregs cultured with unlabeled JAWSII DCs. (F) Uptake of DC
surface protein CD11b by Tregs (n = 4). The staining control shows WT Tregs incubated alone. Histogram in D is representative of eight independent ex-
periments; histogram in E and F of four independent experiments. Numbers on histograms in A and D–F show the percent positive values. Means ± SEM.
Asterisks indicate P values derived from one-way ANOVA with Tukey’s multiple comparisons test (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001); ns, not
significant.
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(Treg-B cell) doublets were formed (Fig. 2C). Both TL and WT
Tregs were able to generate significantly higher percentages of
conjugates than KO Tregs at high Treg-to-B cell ratios in the
coculture (Fig. 2D).
These results collectively indicate that increased availability of

CTLA-4, as is the case of TL Tregs highly expressing CTLA-4, as
well as its ligands, especially CD80, augments the formation of
conjugates between Tregs and APCs.

CTLA-4–Dependent Trogocytosis Follows Immune Synapse Formation
between Tregs and DCs. Since CTLA-4 is one of the components
of the immune synapse (30, 31), we attempted to visualize the
process of CTLA-4–dependent trogocytosis at the immune syn-
apses between Tregs and DCs. Live-cell imaging of Treg-JAWSII

DC cocultures by confocal microscopy demonstrated the capture
of CD80-GFP and concomitant membrane lipid particles by WT
and TL Tregs, but not by KO Tregs (Fig. 3A). We also detected
similar findings with CD86-GFP capture (SI Appendix, Fig. S4). In
addition, WT and TL Tregs showed significantly higher frequen-
cies of Treg-DC contacts compared to KO Tregs when cocultured
with 80- or 86-JAWSII DCs (Fig. 3B). Static imaging of fixed
Treg-JAWSII DC conjugates demonstrated that polarized CTLA-
4 proteins on TL or WT Tregs colocalized with CD80- or CD86-
GFP aggregates at the contact sites of JAWSII DCs and Tregs in
contrast to relatively diffuse distribution of integrin LFA-1 on the
Treg cell surface (Fig. 3C and SI Appendix, Fig. S4). Consecutive
time-lapse imaging of fresh Treg-JAWSII DC cocultures displayed
the capture of CD80-GFP by TL and WT, but not KO Tregs
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Fig. 2. CTLA-4–dependent conjugate formation of Tregs and APCs. (A) Formation of Treg-JAWSII DC conjugates defined as CD4+CD11b+ doublets. These
doublets were pregated on total Live/Dead-dye− cells, representative of four independent experiments. GFP-, 80-, or 86-JAWSII DCs were cocultured at a 1:2
ratio for 20 h with Tregs purified from CRF and C4TLTG mice as in Fig. 1. (B) Summary of the quantified Treg-JAWSII conjugates (n = 4). (C and D) A total of 1 ×
105 B cells, from WT mice, were cocultured with purified Tregs at designated ratios in the presence of anti-CD3e (0.5 μg/mL), IL-2 (100 IU), and LPS (10 μg/mL)
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(Movies S1–S3). These microscopic findings collectively indicate
that CTLA-4–dependent trogocytosis is a key outcome of Treg-
DC conjugate and immune synapse formation facilitated by the
ligand-binding domain of CTLA-4, confirming the flow cytometry
results.

The Tail Portion of CTLA-4 Is Dispensable for CD80/CD86 Down-Regulation
on B Cells and Treg-Suppressive Function. We next examined how
TL CTLA-4 on Tregs would alter the CD80/CD86 expression
of activated B cells and thereby affect Treg-suppressive activity.
Upon in vitro LPS stimulation, a majority of B cells became ac-
tivated to express CD80/CD86 at high levels and could be dis-
tinguished from the unactivated population by cell size (Fig. 4 A
and B and SI Appendix, Fig. S5A). Coculture of Tregs and these
LPS-activated B cells revealed that TL Tregs were able to reduce
both CD80 and CD86 expression more potently than WT Tregs
at various Treg/B cell ratios, as assessed by both the median
fluorescence intensity (MFI) of B cells and percentages of
CD80+ B cells (Fig. 4A) and the MFI of CD86+ B cells (Fig. 4B).
Even at a low Treg/B cell ratio (1:16), WT or TL Tregs were
capable of depleting CD80 from B cells (Fig. 4A). In contrast,
reduction of CD86 expression by WT Tregs only occurred at
relatively higher Treg/B cell ratios (at 2:1 or higher) compared to
TL Tregs (at 1:16 or higher) (Fig. 4B). While the majority of
CD80 depletion was found to be CTLA-4 dependent, KO Tregs
also exhibited a capacity to decrease the B cell expression of
CD80 (SI Appendix, Fig. S5B), although at a much lower degree
than TL or WT Tregs. Additionally, B cell expression of CD40
was reduced by Tregs, most potently by KO Tregs, while MHC-II
expression was augmented by Tregs, especially by TL Tregs
(SI Appendix, Fig. S5B).
In correlation with their ability to deplete CD80/CD86 on B

cells, TL Tregs indeed exhibited more potent suppressive activity
than WT Tregs in a Treg dose-dependent manner (Fig. 4C).
Conversely, TL Tregs lost their superior suppressive ability com-
pared to WT Tregs when anti-CD3/CD28 dynabeads were used to
stimulate Tconv cells in the absence of APCs (SI Appendix, Fig.
S5C). This finding further indicated that the suppressive ability of
TL Tregs was based on CTLA-4–driven trogocytosis.
These results taken together demonstrated that in vitro Treg-

suppressive activity was well correlated with CD80/CD86 down-
regulation via CTLA-4–dependent trogocytosis and that the tail
portion of CTLA-4 was dispensable for both. In addition, despite
the ability of Tregs to uptake CD40 and MHC-II from B cells in
a CTLA-4–driven manner, the effects of Tregs on B cell ex-
pression of these molecules were apparently less dependent on
or independent of CTLA-4.

In Vivo Transferred Treg and Tconv Cells Passively Capture Membrane
Proteins from Host Cells in a CTLA-4–Dependent Manner. Based on
the above in vitro findings, we then attempted to examine whether
CTLA-4–driven uptake of APC membrane proteins by Tregs
might also occur in vivo. Since it was difficult to distinguish the
CD80/CD86 molecules acquired by Tregs from those endoge-
nously expressed by activated Tregs, we examined uptake of other
cell surface proteins by Tregs. We transferred purified WT or KO
Tregs from CD45.2 CRF mice, together with Tconvs from CD45.1
congenic mice, into syngeneic CD45.1 RAG2 KO mice, and
assessed the transferred CD45.2+ WT or KO Tregs for the cap-
ture of CD45.1 protein by flow cytometry 28 d later. Compared
with KO Tregs, WT Tregs displayed a markedly enhanced uptake
of CD45.1 surface protein from host cells. When such WT Tregs
were divided into two groups according to their expression levels
of CTLA-4, CTLA-4hi Tregs showed significantly higher uptake of
CD45.1 than CTLA-4lo Tregs (Fig. 5 A and B).
Since Tconvs express CTLA-4 upon activation, we adoptively

transferred CD45.2+ Tconv cells into CD45.1 RAG2 KO mice
to determine whether activated CTLA-4+ Tconvs could also

capture host cell-derived CD45.1 protein (Fig. 5C). Similar to
CTLA-4–expressing Tregs, CTLA-4+ Tconvs acquired CD45.1
protein more abundantly than CTLA-4− Tconvs. Among CTLA-4+

Tconvs, CTLA-4hi Tconvs captured significantly more CD45.1
compared to CTLA-4lo Tconvs (Fig. 5D).
These results collectively indicate that Tregs and activated

Tconvs can uptake cell membrane proteins of the host in vivo, at
least in part, by a CTLA-4–dependent mechanism.

Treg-Dependent Depletion of CD80 Increases Free PD-L1 on DCs and
Converts Them into CD80lo Free PD-L1hi DCs. Earlier reports have
described cis-binding of CD80 and PD-L1 on the same APCs and
demonstrated that cis-CD80/PD-L1 heterodimers inhibited
trans-PD-1/PD-L1 interaction through limiting the availability of
CD80-unbound (free) PD-L1 to PD-1+ T cells (22–24). Based on
these findings, we investigated the effect of CTLA-4–dependent
trogocytosis on cis-CD80/PD-L1 heterodimers expressed by
splenic DCs. We purified CD11c+CD80+ splenic DCs from WT
mice or CD11c+ DCs from CD80−/−CD86−/− double knockout
(DKO) mice, both on the C57BL/6 background, and stimulated
them overnight with LPS and GM-CSF to increase their CD80
and PD-L1 expression (Fig. 6A). We labeled DCs first with 1-
111A anti–PD-L1 mAb, which was previously reported to detect
total (CD80 bound and free) PD-L1 molecules (23), and then
with 10F.9G2 PD-L1 mAb, which competes with CD80 for
binding and stain-free PD-L1 (21, 32) (SI Appendix, Fig. S6A).
10F.9G2 mAb detected a significantly higher quantity of free
PD-L1 on DKO DCs compared to WT DCs, with slightly lower
staining intensity of DKO DCs by 1-111A mAb (Fig. 6 A and B).
The quantification of PD-L1 mRNA in WT and DKO DCs did
not reveal any significant difference between the groups, further
supporting the increased staining intensity of DKO DCs by
10F.9G2 mAb was due to an increase of CD80-unbound free
PD-L1 and not to enhanced PD-L1 gene expression (Fig. 6C). In
addition, both DKO and WT DCs contained similar percentages
of PD-L2hi cells with similar PD-L2 expression levels (Fig. 6D).
We then tested whether CD80 depletion by CTLA-4–dependent

trogocytosis could change the availability of free PD-L1 expressed
by DCs. Overnight stimulation of freshly purified splenic
CD11c+CD80+ DCs from WT BALB/c mice with LPS and GM-
CSF induced three fractions distinctly defined by their expression
of CD80 and free PD-L1 (detected by 10F.9G2 mAb): CD80hi

free PD-L1int DCs (fraction A), CD80lo free PD-L1hi DCs (frac-
tion B), and CD80lo free PD-L1lo DCs (fraction C) (Fig. 6E).
Coculture of DCs with WT or TL Tregs, especially with the latter,
resulted in an increase in the ratios of fractions B and C and a
decrease of fraction A, compared to coculture with KO Tregs
(Fig. 6 E and F). Both fractions A and B were total-PD-L1hi,
fraction C being total-PD-L1lo (Fig. 6E and SI Appendix, Fig. S6B).
Indeed, the ratio of free PD-L1hi DCs among total-PD-L1hi DCs
increased in the presence of WT or TL Tregs (Fig. 6G). Staining of
Treg-cocultured DCs for CD80 and total-PD-L1, PD-L2, or MHC-
II showed reduction in the ratios of total-PD-L1hi, PD-L2hi, and
MHC-IIhi CD80hi DCs, mainly due to diminution of fraction A,
and a reciprocal increase in total-PD-L1lo, PD-L2lo, and MHC-IIlo

CD80lo DCs corresponding to fraction C (Fig. 6E and SI Appendix,
Fig. S6B). The ratios of PD-L2hi DCs and MHC-IIhi DCs increased
in fraction B presumably because of conversion of fraction A to
fraction B (SI Appendix, Fig. S6B).
Taken together, Tregs reduce, in a CTLA-4–dependent

manner, the proportion of CD80hi total-PD-L1hi free PD-L1int

DCs, apparently converting them into phenotypically distinct
CD80lo total-PD-L1hi free PD-L1hi DCs, which also include PD-
L2hi and MHC-IIhi DCs. CTLA-4–expressing Tregs additionally
increase the proportion of CD80lo total/free PD-L1lo DCs, which
are PD-L2lo and MHC-IIlo.
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Fig. 3. Visualization of Treg-DC immune synapses as platforms for CTLA-4–dependent trogocytosis. (A) Live-cell imaging of Treg-JAWSII DC conjugates by
confocal microscopy. Purified Tregs (prepared as shown in Fig. 1) and stained with cytoplasmic CellTracker blue dye, were incubated at a 1:1 ratio with the DiD
dye-labeled JAWSII DCs (5 × 104) for 16 h. White arrows in the representative slides show the capture of CD80-GFP and/or lipid particles by Tregs prepared as
shown in Fig. 1. (Scale bar, 5 μm.) (B) Enumeration of the contacts between Tregs and JAWSII DCs. Each symbol in the graphs denotes the ratio of Tregs, in
contact with DCs, among the whole Treg population per slide (0.01 mm2). Data are pooled from four mice, representative of four independent experiments.
Asterisks indicate P values derived from one-way ANOVA with Tukey’s multiple comparisons test (*P ≤ 0.05, ****P ≤ 0.0001); ns, not significant. (C)
Colocalization of polarized CTLA-4 with CD80-GFP aggregates at Treg-JAWSII DC contact sites. Sorted WT, KO, and TL Tregs (5 × 104 cells) were cocultured at a
2:1 ratio with JAWSII DCs for 16 h. CTLA-4 (red) and LFA-1 (blue) were labeled by antibody staining following the fixation of cells. The white arrowheads mark
the contact sites of JAWSII DCs and Tregs. Data are representative of two independent experiments. (Scale bar, 5 μm.)
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In Vitro Blockade of CD80 by CTLA-4-Ig Increases Free PD-L1 on
Splenic DCs. We next addressed whether not only CD80 depri-
vation by CTLA-4–dependent Treg trogocytosis, but also CD80
blockade by soluble CTLA-4 would similarly up-regulate free
PD-L1 on DCs. The treatment of LPS-stimulated CD11c+CD80+

splenic DCs with CTLA-4-Ig fusion protein indeed increased the
level of free PD-L1 expression and the proportion of free PD-L1hi

DCs (corresponding to fraction B in Fig. 6E) in a CTLA-4-Ig dose-
dependent manner without altering PD-L1 mRNA expression levels
(Fig. 7 A–D). The up-regulation was not observed in similarly
treated DKO DCs or WT DCs treated with anti-CD80 or anti-
CD86 mAb (SI Appendix, Fig. S7A and Fig. 7 B and C). The
CTLA-4-Ig treatment slightly reduced the proportion of PD-L2hi

DCs (Fig. 7E), as observed with WT DCs cocultured with Tregs
(Fig. 6E and SI Appendix, Fig. S6B). This PD-L2 down-regulation
did not occur in similarly treated DKO DCs or WT DCs treated
with anti-CD80 or anti-CD86 mAb (SI Appendix, Fig. S7B and
Fig. 7E). It was also noted that, upon DC activation by GM-CSF and
LPS, the CD80lo free PD-L1lo fraction (corresponding to fraction C
in Fig. 6E) was very small in proportion (CD80lo free PD-L1lo

fraction was ∼1% of WTDCs and CD80− free PD-L1lo fraction was
∼5% in DKO DCs) in C57BL/6 mice used in Fig. 6 A–D and Fig. 7,
compared with BALB/c mice in Fig. 6 E–G, presumably because of
a genetic variation in the maturation of DCs (33, 34). Collectively,
these results indicated that the increase in free PD-L1 on DCs by
CTLA-4-Ig was due to the disruption of cis-CD80/PD-L1 binding.

Discussion
Naturally occurring Foxp3+CD25+CD4+ Tregs utilize multiple
humoral and cell-contact–dependent suppressive mechanisms, to

control immune responses (35, 36). Among them, the CTLA-
4–mediated cell-contact–dependent mechanism is crucial for
Treg-mediated maintenance of immunological self-tolerance and
homeostasis (5, 37). Our previous studies addressing the in vitro
mechanism of Treg-mediated suppression have revealed that
upon antigenic stimulation by APCs, activated Tregs physically
outcompete naïve responder Tconvs to form Treg-dominant ag-
gregates on the APCs, that this aggregate formation is LFA-1 de-
pendent but CTLA-4 independent (6), and that the aggregated
Tregs down-regulate CD80/CD86 expression on APCs in a CTLA-
4–dependent manner (5, 6). We have previously shown that the first
step in Treg-mediated suppression in vitro is LFA-1–dependent but
CTLA-4–independent aggregation of Tregs onto APCs (6). With-
out LFA-1 expression by Tregs, we could not observe the aggre-
gation or suppression of responder T cells. The present study has
furthered these findings and shown CTLA-4–dependent conju-
gation by confocal microscopy. This suggests that following initial
LFA-dependent binding, CTLA-4 plays a subsequent role in the
stabilization of the Treg-APC contact and then mediates CTLA-
4–dependent down-regulation of CD80/CD86. This multistep
process culminating in the deprivation of CD28 costimulatory
signal to naïve responder Tconvs, not only suppresses their acti-
vation, but also determines their cell fate (i.e., cell death by apo-
ptosis, anergy, or dormancy), depending on their TCR affinity for
the antigen/MHC-II complexes presented by the CD80/CD86-
depleted APCs (38).
The role of the cytoplasmic signaling portion of CTLA-4 in its

cell-extrinsic function has been controversial. Earlier studies
showed that intracellular CTLA-4 densely accumulated at the
interfaces of activated T cells and DCs in the presence of CD80
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Fig. 4. In vitro Treg-suppressive activity correlated with the degree of CD80/CD86 deprivation from B cells as APCs. (A) Expression of CD80 by LPS-activated
B cells cultured with TL or WT Tregs at various ratios. Numbers on histograms display both CD80 MFI of B cells (Left) and the percentages of CD80+ B cells
(Right) (n = 4). TL or WT Tregs from TLC4Tg or WT mice, prepared as shown in Fig. 1, were incubated with B cells (1 × 105/well) at varying ratios in the presence
of anti-CD3e, IL-2, and LPS for 72 h. LPS-activated B cells were pregated on single Live/Dead-dye−CD4−CD45R+ cells. (B) Expression of CD86 by LPS-activated
B cells cultured with TL or WT Tregs at various ratios as shown in A. Numbers on histograms display CD86 MFI of B cells (n = 4). Data in A and B are rep-
resentative of four independent experiments. (C) Suppressive capacity of TL and WT Tregs. A total of 1 × 105 CD4+ Tconvs labeled with CellTrace Violet (CTV)
dye and the same number of B cells were cocultured with purified TL or WT Tregs at various Treg/Tconv ratios in the presence of anti-CD3e (0.5 μg/mL) for 72
h. Numbers on histograms show the percentages of divided Tconv cells (n = 4), representative of four independent experiments. Means ± SEM. Asterisks
indicate P values derived from two-way ANOVA with Sidak’s multiple comparisons test (***P ≤ 0.001, ****P ≤ 0.0001); ns, not significant.
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(39); and blockade of CTLA-4 or its ligands disrupted the sta-
bility of Treg-DC immune synapse formation (31, 40, 41).
CTLA-4 was also reported to contribute to such cell-to-cell ad-
hesion and clustering via its cell-intrinsic signaling through Rap-
1, a GTPase associated with its tail portion (42, 43). However,
our confocal imaging analysis revealed a higher tendency of both
WT and TL Tregs than KO Tregs to form immune synapses with
DCs even in the absence of tail-associated signaling in TL Tregs.
Flow cytometry analysis also supported this finding by detecting
CTLA-4–dependent Treg-APC conjugate formation without the
CTLA-4 tail portion in Tregs. In addition, TL Tregs, which
exhibited active CTLA-4–dependent trogocytosis without the tail
portion, were more potent in suppression than WT Tregs, indi-
cating that the tail portion of CTLA-4 was dispensable for Treg-
suppressive function (17, 19). Our results thus indicate that
Tregs, with membrane retention of CTLA-4 upon activation
(12–14), are able to suppress the proliferation of naïve Tconvs by
forming CTLA-4–dependent Treg/APC conjugates and subsequently

depleting its ligands CD80/CD86 from APCs, such as B cells and
DCs, via CTLA-4–dependent trogocytosis.
The cell-extrinsic function of CTLA-4 was previously shown to

be a one-step process called transendocytosis, which refers to
direct internalization of CD80/CD86 by CTLA-4 via endocytosis
(15). In contrast, our study has demonstrated that CTLA-
4–dependent trogocytosis without endocytosis in Tregs is able
to deprive APCs of CD80/CD86 to suppress responder T cells. It
could be asked then whether high amounts of CTLA-4 retained
on the cell surface of TL-Tregs might unphysiologically exaggerate
the trogocytosis phenomenon. It was noted, however, that CTLA-
4–dependent transfer of other membrane proteins and lipids could
occur with WT Tregs, indicating physiological contribution of
CTLA-4–dependent trogocytosis to CD80/CD86 deprivation from
APCs. Moreover, it is plausible that CTLA-4–mediated trogocy-
tosis of CD80/CD86 proteins to the Treg cell surface might be
followed by their CTLA-4–dependent endocytosis. Supporting this
notion, the ligand-binding motif of CTLA-4 is well conserved
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Fig. 5. Adoptively transferred Tregs and Tconvs passively acquire CD45.1 from host cells in a CTLA-4–dependent manner. (A) Schematic representation and
the gating strategy of adoptively transferred Tregs. KO and WT Tregs (1 × 105), sorted from the same female CRF mice, were injected intravenously into
CD45.1 RAG2 KO mice together with 1 × 106 CD45R−CD4+CD25− Tconvs from CD45.1 mice. All mice were on the BALB/c background. Spleens of the recipient
mice were collected on day 28. CD4+ T cells pregated as Live/Dead-dye−CD8−CD11b−NKp46−CD45R−CD11c−CD45.2+CD3+CD4+ cells were analyzed. WT Tregs
were further classified as CTLA-4lo and CTLA-4hi Tregs. (B) Uptake of CD45.1 protein by adoptively transferred Tregs. The graphs show CD45.1 MFI values of
Tregs from 17 mice in three independent experiments. (C) Schematic representation and the gating strategy of adoptively transferred CD4+ T cells. A total of
1 × 106 CD45R−CD4+ T cells purified from CRF mice were adoptively transferred intravenously into CD45.1 RAG2 KO mice and analyzed on day 28. They were
classified as CTLA-4− and CTLA-4+ Tconvs, which were further dissected into CTLA-4lo and CTLA-4hi Tconvs. (D) Uptake of CD45.1 protein by adoptively
transferred Tconvs. The graphs show CD45.1 MFI values of Tconvs from 23 mice in five independent experiments. Asterisks in B and D indicate P values derived
from two-tailed paired t test (***P ≤ 0.001, ****P ≤ 0.0001).
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***P ≤ 0.001, ****P ≤ 0.0001); ns, not significant.
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among all vertebrates, whereas its YVKM tail motif required for
endocytosis has not been conserved in fish and some amphibian
species (11, 44, 45). This suggests that the process of CTLA-4
endocytosis might have emerged as an evolutionary adaptation,
facilitating the clearance of bound CD80/CD86 from CTLA-4
before its recycling to the cell surface.
Earlier studies have reported that antigen-specific iTregs could

suppress immune responses via TCR-mediated trogocytosis (46)
that depletes peptide/MHC-II complexes from APCs, indepen-
dently of CTLA-4 function (47). By using purified polyclonal
Tregs, our present study has indeed demonstrated that CTLA-
4–mediated trogocytosis of CD80/CD86 indirectly promoted the
passive transfer of B cell and DC membrane lipids and surface
proteins, such as MHC-II, CD40, CD11c, and CD11b even in the
absence of anti-CD3e polyclonal stimulation. Moreover, in vivo
Treg and T cell transfer experiments showed CTLA-4–driven
passive capture of CD45.1 in both Tregs and activated Tconvs.
In our hands, the nonspecific passive uptake of MHC-II molecules
as a byproduct of CTLA-4–dependent trogocytosis did not deplete
them on B cells, but rather their expression was increased. In
contrast, the proportion of MHC-IIhi splenic DCs was decreased
in Treg cocultures, while on the fraction that retained MHC-II,
there was no clear change in expression level. The differences
between our results and others could be, in part, attributed to their
use of Tregs expressing monoclonal transgenic TCRs stimulated
by a cognate peptide (47) and our use of polyclonal Tregs with
polyclonal stimulation. It is possible that the depletion of both

CD80/CD86 and peptide/MHC-II by trogocytosis further
strengthens Treg-mediated suppression of antigen-specific Tconvs
by simultaneous deprivation of costimulation and antigenic stim-
ulation, although Tregs initially need to recognize peptide/MHC-
II for their activation to exert suppression (48).
Several recent studies have shown that cis-CD80/PD-L1 het-

erodimers formed on APCs, especially on DCs, hinder the trans-
PD-1/PD-L1 interaction by limiting the quantity of free PD-L1,
thereby attenuating the inhibition of PD-1+ T cells (22–24). Al-
though a biochemical analysis showed that CTLA-4 could disrupt
the cis-CD80/PD-L1 heterodimers by facilitating CD80 homo-
dimerization (49), the impact of Treg-expressed or solubilized
CTLA-4 on free PD-L1 expression by APCs has not been deter-
mined yet. Our present study demonstrated that both solubilized
and Treg-expressed CTLA-4 was able to release free PD-L1 from
cis-CD80/PD-L1 heterodimers on DCs by CD80 blockade or
CD80 deprivation by trogocytosis, respectively. Thus, coculturing
activated DCs with Tregs converted highly stimulatory CD80hi

free PD-L1int PD-L2hi∼lo MHC-IIhi activated DCs into two phe-
notypically distinct nonstimulatory/inhibitory DC populations:
CD80lo free PD-L1hi DCs and CD80lo total/free PD-L1lo DCs. It
remains to be determined how each DC population, expanded or
reduced by Tregs, contributes to immune suppression/tolerance
and homeostasis and how Tregs affect PD-L1 expression by other
APCs such as B cells.
Taken together, CTLA-4–dependent Treg trogocytosis may

exert a dual suppressive effect on both naïve and PD-1–expressing
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and other antibodies at 2.5 μg/mL. The cultured DCs were stained with anti–PD-L1 (clone 10F.9G2), anti-CD11c, anti-CD80, and anti–PD-L2 for flow cytometry
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activated Tconvs by limiting the CD80/CD86 costimulation and
promoting the PD-L1–dependent coinhibition, respectively (SI
Appendix, Fig. S8). Given the effectiveness of combination ther-
apies with anti–CTLA-4 and anti–PD-1/PD-L1 for advanced stage
cancers (50), our results imply that these combination therapies
may strongly interfere with Treg-mediated immune suppression at
both the priming and effector phases of T cell immune responses,
thereby contributing to enhanced tumor immunity, albeit with
occasional induction of autoimmunity.

Materials and Methods
Detailed methods are available in SI Appendix, SI Materials and Methods and
Table S1.

Mice. BALB/c and C57BL/6 mice were purchased from CLEA Japan Inc. and
maintained under specific pathogen-free conditions. All murine experiments
were conducted according to the institutional guidelines for animal welfare
under approved protocols by the animal experiment committee of Osaka or
Kyoto University. WT and CD80−/−CD86−/− DKO mice on the C57BL/6 back-
ground were used to purify splenic DCs. Tailless CTLA-4 transgenic (TLC4Tg)
mice on the BALB/c background expressed amutant CTLA-4, whose cytoplasmic tail
portion was deleted, under the control of the human CD2 promoter as previously
reported (17, 25). These mice were rendered endogenous CTLA-4 deficient by
mating with BALB/c CTLA-4−/− mice. CTLA-4flox/flox, Foxp3IRES-Cre, and Rosa-RFP-Cre
reporter mice (CRF mice) on the BALB/c background were previously reported
(5). For Treg experiments, age- and sex-matched (female) CRF, TLC4Tg, or WT
BALB/c mice were used.

Flow Cytometry Analysis. Surface and intracellular staining of cells was per-
formed at 4 °C for 30 min and 60 min, respectively. Samples were then
collected on BD LSR Fortessa and BD FACSCantoII machines with compen-
sation and data analysis with FlowJo version 10.5.0. Median rather than
mean fluorescence intensity was preferred due to its increased robustness in
accordance with guidelines (51). Dead cells were separated from live cells
according to their positivity for IR Live/Dead dye (Molecular Probes).
Monoclonal antibodies used for the flow cytometry experiments are listed in
SI Appendix, Table S1.

Preparation of Murine JAWSII DC Lines Expressing GFP-CD80 or GFP-CD86. First,
to generate monomeric GFP, a dimer-interrupting A206K mutation was

introduced into pMCs-IG (pMCs-IRES-GFP) vector by using KOD-plus-muta-
genesis kit (Toyobo). CD80 and CD86 gene constructs were amplified by PCR to
remove the stop codons, and a twenty-residue glycine-serine linker for each
protein was designed to link them with monomeric GFP. Subsequently, gene
constructs of CD80 or CD86 assembled with GFP and the linker were cloned
into the modified pMCs-IG (IRES-GFP deleted) retroviral vector (52) by Gibson
Assembly cloning kit (New England BioLabs). Following the transduction
process of JAWSII DCs (bone marrow-derived immortalized immature dendritic
cells originated from C57BL/6 mice, ATCC) with pMCs-CD80-GFP, pMCs-CD86-
GFP fusion constructs, or empty pMCs-IG vector, they were further sorted
several times by the BD FACSAria-SORP system based on their GFP expression,
thus generating three types of JAWSII dendritic cell lines: GFPhi (GFP-JAWSII),
CD80-GFPhi (80-JAWSII), and CD86-GFPhi (86-JAWSII) DCs.

Statistics. Two-tailed paired t test was applied for comparing two groups for
one independent variable, while two-way ANOVA assessed two groups
based on two independent variables with Sidak’s multiple comparisons test.
The comparisons between multiple groups were calculated by one-way or
two-way ANOVA with Tukey’s multiple comparisons test. In addition, we
compared the samples with respect to the control group by one-way ANOVA
with Dunnett’s multiple comparisons test. In all cases, asterisks on graphs
represent significance as following (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001); ns, not significant. All statistical analyses were performed
using GraphPad Prism V7.0e software.

Data Availability. All study data are included in the article and/or supporting
information.
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